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1. INTRODUCTION

The aim of this study was the development of a series of experiments

addressing the key physics issues of microwave breakdown in the parameter

regime of interest for the Navy High Power Microwave Breakdown program. The

particular geometry considered was breakdown in the maxima of the standing

electromagnetic wave pattern produced by microwave reflection from a con-

ducting surface. Navy interest focusses on breakdown at or near atmospheric

pressure over spatial scale lengths large compared to the microwave wave-

length. Experiments in this regime will require sources with total output

powers on the order of hundreds of megawatts. The major constraint we have

placed on this design study is that readily available, conventional micro-

wave sources be employed in the experiments. While this constraint makes

large scale, full atmosphere experiments inaccessible, it does remove any

dependence of the program on advanced source development, thus facilitating

the more rapid development of a physics data base. Results obtained in the

scaled experiments can then provide timely input for future direction of

source development programs.

The basic theory of breakdown and microwave absorption near a conducting

surface is described in Section 2 and in more detail in Appendices A and B.

The theory as developed here described the basic physics of breakdown and

microwave absorption, but only for the one dimensional case with breakdown

only at the first peak of the standing wave pattern. Following experimental

validation of the basic theory, multiple breakdown regions and two or three

dimensional phenomenae such as filamentation should be included in the theory.

In Section 3 we outline a series of experiments designed to first test

the basic theory and then extend investigations into areas of more complex

phenomenae. The suggested experiments are largely based on preliminary

experiments carried out under the TRW Microwave Breakdown IR&D progr&,

described in Appendix C. The experimental apparatus, which is based on the

apparatus used in the IR&D program, is described in Section 4. The area

requiring the most future development is diagnostics of the breakdown region.

In the course of this study, a number of potential diagnostic techniqes were

tested, with varying degrees of success, on the IR&D experimental setup.

Dicussion of these diagnostics can be found in Section 3 and 4 and Appendix C.

1...-... . ..-. .- - - . . - -



2. THEORETICAL STUDIES

The major areas of theoretical interest in this problem are:

(1) Absorption of the incident radiation

(2) Plasma formation and the approach to a steady state

(3) Radiation

(4) Shock formation

A complete description of the theoretical model is given in Appendix A.

Here we describe the essential results in each of the above areas.

2.1 ABSORPTION

Figure 1 shows the model used for absorption for a single breakdown

region. Multiple regions would require a straight forward extension of

this analysis. The plasma is assumed to be a uniform dielectric (di-

electric constant E = 1 - w/w(w+iv) of a width L, located at the first
p

peak of the standing wave pattern. The target is a perfect conductor.

The absorption is

f 4 Im(AB*) (1)

f A I21 + 'B2I + 2 Im(AB*)

where A and B are defined in the appendix. For a thin plasma,

f = 4 (Imc)k L (2)

This would be the usual result for a plane wave passing through a di-

electric, except for the factor of 4 which results from the standing

wave enhancement.

The unknown parameters, which are determined self-consistently2
arew p (or plasma density), v and L. We determine L by setting it equal

to the length over which the standing wave power is greater than the

threshold power, as indicated schematically in Figure 1. In the thin

approximation, this is given by

4 P0 cos (kL) = PT

= 1.44 MW/cm 2 Pr2 (3)

a 2



where P0 Is the incident power, PT is the breakdown threshold in air, and

Pr is the pressure in atmospheres. If we are well above threshold, the

thin approximation breaks down and a numerical solution must be resorted

to.

2.2 PLASMA FORMATION

The continuity equation is

dn e- = ne [Ai - AA2 - AA3 - AD (4)

where Ai is the ionization rate, AA2 (AA3) is the 2 body (3 body) attach-

ment rate and AD is the diffusion loss rate. The energy equation is
Dr

neee [LQJ" Qv x- <E > " < AD>]

3/2 d/dt n T ne I Q - <CA1 > - (5)

where Q is the power absorbed per electron, Qv and Qx are the rate of

energy transfer to vibrational levels and electronic levels, respectively,

and cEAi> and <ctAD> is the rate of energy loss to ionization and

diffusion, respectively.

We can write

neQj = f P (6)

For small absorption, f is proportional to ne, and thus Q is only a

function of power. Solving these equations numerically, we find that

the temperature quickly reaches a steady state, given by

Te [Ai - A2 - A3 - AD Qj- Qu - Qx- <cAi> - <cAD> (7)

If this temperature is higher than the breakdown temperature, about

2.1eV, then the right hand side of Equation 4 is positive, and the

density exponentiates.

As the density increases, eventually the absorption fraction is

approximately 100%, and the temperature starts to decrease. When it

reaches the breakdown temperature again, dne/dt = 0, and the plasma

3
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reaches a steady state. This behavior is shown qualitatively in

Figure 2.

The breakdown temperature as a function of PrL is shown in Figure 3

(from Kroll and Watson). The density reached in steady state is

n /nc = P0 MW (8)
e ck L .44 Pr

where nc is the plasma density and the collision frequency is

7xlO 12 PR Te sec-1  (9)

(Te + 4.94)

The steady state density is independent of microwave frequency,

inversely proportional to Pr and depends on incident power both

through P0 and L. Using

Te = 2.1 eV, we obtain

ne = 1.4 x 10 13  Po (MW/cm2 (10)

L P R

2.3 RADIATION

The radiation energy is made up of two parts: Qv and QX. Qv is

the rate of energy transfer to vibrational levels in 02 and N2 and

rotational levels in 02' The major contributor is vibrational energy

loss to N2 :

-2.6 T

= 1.53 x 1012  PR /2 (eV/cm3 sec) (11)

e

Using Te = 2.1 eV, the total radiated energy per area through this

channel is

Pv =ne <QV> L (12)

= .0134 P (MW/cm )

4
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Therefore, about 1.3% of the initial power is radiated through this

channel at a characteristic energy level of 2.6 eV.

Qx is the rate of collisional excitation of electronic levels in

02 and N2. The major contribution comes from two lines in N2 at about

6.7 and 11.2 eV. The radiation rate from these lines is

<Qx = 4.6 x l0l PR (eV/cm3 sec) (13)

The total radiated energy is

Px =ne <Qx> L
(14)

=1.03 Po (MW/cm3

This says, that within the approximation of Equation (10) essentially
100% of the radiation is in these two lines, with about 2/3 in the

6.7 eV line and 1/3 in the 11.2 eV line.

2.4 SHOCK FORMATION

In a one-dimensional system, the shock strength can be defined in

terms of the energy deposited per particle, 3E:

M2
2 -L= -~ tiyI I-Ml 2y 21 +fl~ . . 1,)

Where y is the specific heat of the atmosphere, and E is the initial

thermal energy. A good approximation is

M = I + y+l AE (16)

AE is made up of two parts: The energy deposited collisionally in the

plasma, and the energy radiated. We have seen from the previous section

that the radiated energy predominates. A calculation of the amount of

radiated power absorbed by the atmosphere is thus required. This task i s

outside of the scope of the present report.

5
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Figure 1. Geometry of breakdown model. Solid line is effective
microwave density. Plasma is represented by uniform dielectric slab
of width L.
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Figure 2. Characteristic time dependence of electron density and
temperature during growth and saturation of breakdown.
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Figure 3. Electron temperature at breakdown threshold in air as a function
of the product of pressure and diffusion scale length. Also shown is the
function K , which represents the increase in breakdown threshold as a
result of iffusion. When KL = o, diffussion is negligible compared to
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3.0 SUGGESTED EXPERIMENTS

Initial experiments should be directed toward testing and validation

of breakdown theory in as simple an experimental configuration as possible.

While waveguide and parallel plate configurations have been employed very

successfully in the past for determination of breakdown thresholds, such

configurations are unsuitable for the study of breakdown phenomenae at

late times in the microwave pulse. It can be expected that ablation of

material from the walls will strongly effect the atomic physics of the

breakdown region. The experimental geometry then, should employ freely

propagating, rather than guided, waves. As illustrated in Appendix C,

the study and analysis of basic breakdwon phenomenae is greatly complicated

by the presence of more than one breakdwon region, so the desired geometry

should produce a standing electromagnetic wave pattern with only one

antinode above breakdown threshold. This type of configuration can be

obtained by focussing microwaves with a fast (f/3 or faster) lens onto a

small target (about equal to, or somewhat smaller than, the focal spot

diameter). The use of a small target increases the reflected wave diver-

gence, reducing the standing wave intensity significantly at distances

greater than about one target radius array. In experiments in this type

of geometry, we were able to achieve power densities about 50% above

threshold in the first standing wave maximum without exceeding threshold

at other maxima. The major disadvantage of this configuration is the

complexity of the electromagnetic wave pattern.

For comparison to theory, of particular interest is the parametric

dependence of growth rate and saturation values of electron density and

temperature, and of microwave absorption, on pressure, wavelength, and

incident power. Experimental results, expressed in terms of normalized

pA, v/w and P/PT may be used to validate the scaling predictions of the

breakdown model. The experimental apparatus described in Section 4 will

enable variation of pA by several orders of magnitude, from the diffusion

dominated regime to a maximum value of approximately .1 atmosphere-cm,

where attachment is strongly dominant. Similarly, v/w may be varied from

as low as l0-4 to as high as about 35. The range of P/PT would be limited

by the characteristics of the standing wave pattern, as previously discussed.

8
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The key parameters to be measured for comparison to theory are

electron density and temperature and microwave absorption. Over the

parameter range addressable with the apparatus described in Section 4,

we expect electron densities in the range 1012 cm 3 to 10 cm 3 and

electron temperature of about 2 eV. With the exception of passive

optical techniques, most standard plasma diagnostics appear to be unsuit-

able for application here. Probes severely perturb the breakdown phenomenae

and must be looked on as highly suspect. While densities are in the

typical range for millimeter wave interferometry, the small plasma size

results in rather small phase shifts, making measurement difficult.

Furthermore, due to the high pressure, the phase shift is determined by

both plasma density and collisions, greatly complicating interpretation.

The intense (close to 100% of the absorbed microwave power) optical and

uV emission from the breakdown region makes optical observation the

natural diagnostic, the only outstanding problem being interpretation

of emission in terms of electron density and temperature. The approach

taken in the IR&D work described in Appendix C, and recommended for

future work, is to bypass the problem of interpretation of emission in

terms of basic parameters, and instead compare observed and predicted

intensities. In future work, intensity of specific observable lines,

as well as total intensity, should be computed by the breakdown code.

In addition, absolute intensities should be measured in experiments.

For measurement of microwave absorption, the techniques described

in Appendix C appear suitable with modest improvements. An array of

microwave receivers for the measurement of power reflected from the

target region would be desirable.

Following experiments with a single breakdown region, the more

realistic case of multiple breakdown regions would be in order. As

illustrated in Appendix C, the breakdown region of maximum microwave

absorption is not constant in time. A diagnostic capable of temporally

resolving light emission from a number of regions simultaneously would

be an asset. The framing camera and an array of photodiodes are two

easily implemented candidates.

For shock wave generation measurements, one or more fast piezoelectric

transducers may be mounted through the back of target, with the sensing

9
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head flush with the target surface. One microsecond risetime transducer

with sufficient sensitivity for measurements at pressures as low as a

few mm Hg are available. Samples of data obtained using this technique

can be found in Appendix C. Shadowgraph, Schlieren photography and/or

holographic interferometry may also be utilized to study shock formation

and propagation

Other phenomenae worthy of continued study, but outside the scope of

this report, are filamentary structures in the breakdown region, which

may occur both parallel and perpendicular to the target surface, and

arc-like structures associated with surface irregularities in the target.

10
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4.0 EXPERIMENTAL APPARATUS

The basic experimental apparatus is essentially the apparatus used

in the IR&D microwave breakdown program, described in Appendix C. The

80 cm diameter, 120 cm long pressure vessel is of sufficient size to

allow free space propagation for microwaves of wavelength smaller than

about 6 cm, which was the largest wavelength considered. The chamber may

be evacuated and backfilled with any desired gas. For most experiments,

evacuation to about .01 torr by a rotary vane pump before filling is

sufficient, though provision may be made for evacuation to 1O6 torr by

diffusion pump for low pressure high purity experiments. For modest

average power experiments, it does not appear necessary to continuously

replace the target gas. We found excellent breakdown reproducibility

running at 50 watt average power for periods of 20 minutes without re-

placing the fill gas. Wherever possible, internal chamber surfaces

should be lined with microwave absorber. For low average power experiments,

conventional pyrimidal foam absorbers (such as Emerson and Cummings CV

type) are quite suitable. We have found that local heating and destruction

of such absorber materials can become a problem at average input power

levels of greater than about 200 watts. At higher power levels, an

absorber more amenable to forced cooling (such as Emerson and Cummings

FGM type) should be employed.

Horn fed reflectors, dielectric lenses and metallic delay lenses were

considered for focussing antennae. The focal spot size and side lobe

losses of these antennae are not greatly different for the same aperture

size, so that choice of antenna may be based on other considerations,

such as ease of construction and bandwidth. Reflectors are somewhat less

suitable than lenses for focussing applications, as the location of the

feed presents a problem. In a center fed reflector geometry, the feed

may severely perturb the antenna pattern, while off-axis feed configurations

tend to produce skewed radiation patterns. Construction is generally

simpler for dielectric lenses than for metal plate lenses at wavelengths

less than about 3 cm, while the reverse is true for longer wavelengths.

The maximum power density achievable with a focussing antenna of

diameter D, and focal plane distance F, may be estimated from the

expression for the intensity of the Fraunhoffer diffraction pattern of

a circular aperture.
11l



2

f2 P 2 r (1)

h

where Jl is the first order Bessel function of the first kind, P is the
total radiated power and f = D/F.

Real antenna patterns with main lobe radial intensity dependence

very close to that given by (1) are easily obtained, but side lobe

power is typically somewhat higher. In addition, some fraction of the
microwave source power is lost in transmission and antenna mismatch. In

order to minimize waveguide transmission losses, the source should be

located as close as possible to the antenna feed, a factor which favors

horn fed lenses over reflectors. With a moderate amount of care, focal

spot intensities of about 80% of that given by (1), with P as the total

microwave source power, should be achieved.

Typical high power microwave sources available commercially in the

frequency range 6 to 35 GHz are shown in Table I. Also shown are the

maximum achievable power densities, and maximum air pressure for breakdown

upon reflection from a conducting surface. In calculating the breakdown

levels, a threshold of one quarter the free space value was assumed. It

is worth noting, with reference to Table 1, that the maximum focal spot

intensity achievable with typical commercial sources is nearly independent

of frequency from 5.8 GHz to 35 GHz. The most powerful sources at 9.4 GHz
and above are magnetrons, which are efficient and require relatively simple
modulator systems. We have also shown a Crossed-Field Amplifier available

at 9.4 GHz, as it is possible, if desired, to phase-coherently combine
the outputs of several tubes to obtain higher power. The 5.8 GHz Twystron

and Klystron amplifiers require considerable higher power and more complex

modulators than the magnetrons. While experiments at several different

frequencies are desirable in order to validate theoretical predictions of

frequency scaling, the slight increase in experimental frequency range

afforded by the use of a 5.8 GHz source does not justify the additional

cost. The 9.4 GHz, 17 GHz, and 35 GHz tubes shown in Table 1 all have

relatively modest pulse power input requirements, the highest being 34 kV

12



at 100 ampere for SFD303. A universal hard tube modulator, using for

example an Eimac 4CW50,OOOE as a switch tube, capable of driving each

of these tubes could be designed and fabricated at modest cost. The use

of a hard tube modulator, rather than a Pulse Forming Network based

system, would allow continuous variation from sub-microsecond to tens-of-

microseconds pulse width, a very desirable feature for basic breakdown

physics studies.

In the initial stages of the breakdown process, the electron density

exponentiates from the ambient level, due to for example, cosmic radiation.

In order to obtain a high degree of shot to shot reproducibility of the

breakdown process in the laboratory, it is necessary to supply a repro-

ducible "seed" density of electrons in the breakdown region. In our

experiments, a 2 mA dc glow discharge, maintained by a biased (2kv)

electrode located about 30 cm from the target region, was sufficient to

reduce the breakdown jitter time from about 2 microseconds to about

50 nanoseconds, which was about the jitter in the microwave system.

13
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APPENDIX A

BREAKDOWN MODEL

In this appendix, we describe the calculation of absorption

fraction and the solution of the density and temperature evolution

equations.

Figure Al shows a simple model of a plasma located at the first

maximum of the standing wave pattern. We treat it as a uniform material

of dielectric function

2
U~p

1- ((+i)

where w is the plasma frequency, w the microwave frequency, and the v

collision frequency. We solve the wave equation for the field amplitudes

in 3 regions: 1) to the left of the plasma, 2) inside the plasma, and

3) between the plasma and the conducting plate. We take the origin to be

at the center of the plasma. In region 1:

ikoZ -ik 0Z
EI = e + rI e (2)

In region (2)

i/ekoZ -i1/ekoZ

E2 = tie 0 + r2 e (3)

In region (3)

E3  t2(eikoZ eikoZ)3= t2e + e(4)

Equation (4) satisfies the boundary condition at the conducting plate.

Applying the proper boundary conditions at the plasma-vacuum interfaces,

a short calculation gives the reflectivity, R, and the total absorption

F l-R:

41m(AB*)
F = (5)

JA21 + B2 1 + 21m(AB*)

15..
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where

A - sinosin2F-f - Vccosfcos2/r-

B - V sinocos2V'¢ + ccos~sin2'-o

* = k0L/2

For small absorption and a thin breakdown region, * <<I , -<<I

Equation (5) reduces to

F - 4(Imc)k0L (6)

This is the usual result, except for the factor 4 which results from the

standing wave enhancement.

As the collision frequency increases, the absorption fraction

increases, reaching a maximum at v/w.-A. Increasing the plasma density

also increases the absorption; however, there is a maximum value, after

which the wave is primarily reflected rather than absorbed. This behavior

is shown in Figure (2). Appendix B explicitly evaluates F in terms of the

real and imaginary parts of / .

The continuity and energy equations are:

- =ne [<Aio) + (Ain - <AA2> - <AA3> (7)

- <AD)]

3 dn T r
n ee [<Qj> - <Qx - <cAi. (8)

-£cA.n - (EAD) 1

The brackets (...) refer to a Maxwellian average:

16
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-c/T
<6 > T2 /- fe dc (9)

312 3/2 J
e 0

We will discuss each of the rate constants and their average below.

A detailed theoretical investigation of cascade ionization of air

by rf fields and laser beams was published by Kroll and Watson1 . They

solved the Boltzmann equation for the detailed distribution function

F(e,t). We will use the rate constants given by them, but assume that

the distribution function is a Maxwellian. Kroll and Watson considered
this approximation and found that ionization rates were different by a

factor of approximately 2 from the Boltzmann calculation. This error is

about the uncertainty in the rate constants. For this reason, and also

since we are interested in the approach to steady state, when the plasma

is sufficiently dense that the electron-electron collision time is shorter

than the time scale of interest (^. lusec), we have used the simpler

Maxwellian approximation.

Aio is the oxygen ionization rate. Ref.(1) gives it as

= 0 C < 12.06 (10)

= l.3x0 9 PR / (E-12.0 6 ) [1 + .07(c-12.C6 c>12.06

Here P is the pressure in atmospheres.
Re

Averaging,

<Aio> = 1.47x10 9 PrTe1 12 [12.06 + 3.68T e • .42 T2 ]e 12 .06/Te (11)

Ain is the nitrogen ionization rate:

Ain = 0 C<15.6

r 1
9.6xi09 PR r (E-15.6) [1 + .05(c-15.6) J> 1 5 6  (12)

17



Averaging,

<Ain> = 1.08 xlO10 PRTe 1/2 15.6 + 3 .5 6Te +.3T ]e e (13)

AA2 is the two-body attachment rate due to the reaction e + 02-& 0- + 0.

AA2  8.6x10 8  R [l.55/(c+l) (c-3.7) e"8(67)2 (14)2= 8.6l R14)

A simple approximation which gives good results is to notice that AA2 is

essentially a gaussian centered about 6.7eV.

Using this approximation, we find

< AA2 > ar 6.3x109 -3/2 e "6.7/Te (15)
T
e

AA3 is the three body attachment rate from the reaction e+02+02- 02 + 02.

It is
-1

AAB = 4.3xi0 7 PR 2 [l+.3E)(E+.08)2] (16)

giving approximately

<A A3> = 2.3x108 PR/T 3/2 (17)

except for very high pressures (P >>I) ,< AA2 > is greater than 4AA >

in the temperature ranges of interest in our experiment.

AD is the rate of loss of electrons due to diffusion. Defining the

fusion scale length

• d2ne 112"

2 ~ , e (18)
dX

we have

A 2c (19)
3mv
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Ref. (4) gives the electron-neutral collision rate as

7 12  (c+.l) R(0
Yc W 7xi012 (c+4.9 4 ) R (20)

Equation (19) describes free-electron diffusion. If the density is greater

than 1062 , the ambipolar diffusion expression should be used, which

means replacing X by ViF-iiT X 36X Thus

<AD> = 3.6(1+Te /5)/PRX2 (21)

Here we have taken x, -L/2

We assume that the plasma size, L, is given by the distance between

points where the standing wave power is greater than the threshold power:

4P0 cos(2k L/2) = P , giving k0L = cos- PT/4Po We then allow the

plasma to expand at the rate of dL/dt = <AD>
D"

The power absorbed per electron is Q :

Qj = F I/neL (22)

where 10 is the microwave intensity in kw/cm2. In calculating F, we take

T
.C > = 7xlO 12  e P (23)cTe+4 .94 PR (

Qv is the rate of energy transfer to vibrational levels in 02 and N2
and rotational levels in 0,, . The major contributer to this term is

vibrational energy loss to N2:

Qv= QoQ n+QR
(24)

Qn -4(c-2.6) 2

= 6.0x104 PRE e (

Averaging, we find that a good approximation is

19



>  I .53x1012 PRe "2 .6/Te /Te3/2  (25)

Qx is the rate of collisional excitation of electronic levels in 02
and N2  Kroll and Watson fit experimental data for the excitation rate

constant Ax for three levels each of N2 and 02 , using a simple analytical

expression:

Ax  0 E<6

= PRVE (e-B)e "E/Y C<

The various a,a and y's are given in Reference 1. Averaging,

cQ X> = Z <cAxn> (26)

n e

3 -88PR/T3 /2  + 6= .8P T a /e- n/n R BN + 4 Bn6 n  n

n n

where n +

The remaining terms in Equation (8) are energy loss due to ionization

and diffusion. We simply model this by multiplying the averaged particle

loss rate by the appropriate energy:

Aio > + < A in> = 12.02 <A io> + 15.6 <A > (27)

< EAD> = 3/2Te <A0 > (28)

Ionization threshold occurs when the right side of the continuity

equation is zero:

AA i > AA2 > + <AA3 > + <A D (29)

This defines a temperature required for breakdown. For pressures less than

or about equal to atmospheric, and on the high pressure side of the Paschen

curve, the dominant term on the right hand side is <AA2>. The charac-

teristic temperature for breakdown is about 2 eV. At this temperature,

20



both <Ao and <A n contribute. The pressure independence holds
10 ~ ~ -in >i

for Prx > 10" . Setting the left side of the temperature equation to

zero, we find the power required for threshold:

< Qi >  =FI/nL (30)
ej

<Q' > + <Qx> + <cAo> + <CAin> + <EAD>

The dominant contribution to the right side of Equation (30) is <Q ,*I

electronic excitations. For small absorption, we find, using (6):

Q 4 o/C (31)
qj :4 nc 1 + J2/W 2

Evaluating Equation (30) using Equation (31) gives the breakdown

threshold. Experiments show that

I° = 1.44x10 3 P2 kw/cm 2  (32)

for PrX greater than .01, where the diffusion term is small. Kroll and

Watson have adjusted the coefficient of < Qx in order to obtain agree-

ment with Equation (32) in their kinetic treatment. Our Maxwellian

treatment underestimates the breakdown level by about 50%.

We have solved Equations (7) and (8) numerically as a function of

time. A typical set of results for temperature, density, absorption

fraction and radiation are shown in Figure (3). In a very short time on

the order of 1010 sec, the temperature equilibrates at a value given by

I

QL(To) = >= F ne L  (33)

k°L 1 0
4 0 i

(+ ) L

V
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Where QL is the sum of the energy loss rates. This equation is independent

of ne and L, and only depends on and P The density then exponentiates

at a rate given by

=no exp [<A> -< AL>] (34)

where <Ai> is the sum of the ionization rates and <A> is the sum of the
electron loss rates. The density continues to increase until F,,l. Now

< Q > is no longer independent of ne. The temperature begins to decrease

until it reaches the threshold temperature TT, at which time the density

remains constant.

We may derive a simple expression for the steady state density. If

F-l , then

Io

ne = (35)
QL

We may calculate QL(TT) by going back to the definition of breakdown
threshold power:

-I°

F IT = QL(TO,PR)

Experimentally it is found that

oT l.44xl 3 p kw/cm2  
(36)

These experiments do not have the factor of 4 standing wave enhancement,=n
so F nc w/v k°L, giving

QL= - . koL 1oT

L nev L (37)

Substituting into Equation (35) we find

'.
ne_

-v/wkL 2 (38)c .44x10 3 P2
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Since nc is proportional to 2 , Equation (38) is independent of micro-

wave frequency. Since v is proportional to PR, ne goes inversely with

PR, and, of course is linear with 10. If I° is a constant fraction of

the breakdown threshold in the ambient gas, Io U loT, Equation (38)

becomes

n e
- = v/w a/koL (39)
c

and ne is then proportional to PR* The numerical model discussed agrees

well with Equation (39), except that, as discussed above, the breakdown

power is about 50% too low.

Reference

1. N. Kroll and K. M. Watson, "Theoretical Study of Ionization of Air
by Intense Laser Pulses", Phys. Rev. A 5, 1883 (1972).

p
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Figure A-i. Geometry of breakdown model. Solid line is effective
microwave power density. Plasma is represented by uniform dielectric
slab of width 1.
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Figure A-2. Microwave absorption fraction as a function of electron
density, with electron collision frequency as a parameter.
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APPENDIX B

EVALUATION OF ABSORPTION

Evaluation of the absorption fraction. The dielectric function is

2 2

S= I - AV/ (Bl)
.- I1+ 2/,I) 2(1 v/2

,+ 

i

so that

y Re / = + ) 1/4 cos (e/2) (B2)

- = + sin (0/2)

where
-l '

6= Tan (Ci/CR)

Define

a = 2€'fy

0 = 206

then

sin 2r-o = sin a cosh 0 + I cos a sinh 8

sin 2Fro = cos a cosh a - i sin a sinh B

26 '
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then

A -ar + ia1

sin # sin a cosh B - cos * (y cos a cosh

+ 6 sin a sinh B)] (A3)

+ [ sin * cos a sinh B - cos W Cos a cash 0

- y sin a sinh B)]

Further define

br -sin cos a cosh B

+ cos *(y sin a cosh B - 6 cosh B)
(A4)

bi - sin * sin a silnh B

+ cos *(y cos a sinh B + 6 sin a cosh B)

Then

B = (Ybr - 6b ) + i (6b r + ybI ) (A5)

Then

I m AB* = y(aibr - arbi) - 6 (alb I + arbr)

IA 2 = ar2 + a12  
(A6)

B 2  = (yb r - 6bl 2 + (6b r + ybl) 2

which may be used to explicitly evaluate the absorption fraction

4 1m AB* (A7)

z 7 IA21+ I BI + 2 m AB*
V N.
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APPENDIX C

MICROWAVE BREAKDOWN EXPERIMENTS - TRW IR&D PROGRAM

1. INTRODUCTION

In 1980 and 1981, a series of experiments on microwave breakdown were

conducted at TRW under an IR&D program. An existing laboratory facility

was modified for the investigation of breakdown in front of a conducting

surface. Initial experiments were designed to test some of the basic results

of the theory presented in Appendices A and B, in particular, the growth and

saturation of electron density in the breakdown region and absorption of the

incident microwave power. Other phenomenae, not treated by the theory, such

as the behavior of multiple breakdown regions, filamentation, and shock wave

generation, were observed and investigated in varying detail.

The experimental apparatus is described in Section 2, and the results

summarized in Section 3.
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2. EXPERIMENTAL APPARATUS

The experimental configuration is shown schematically in Figure C-i.

Microwave radiation at a frequency of 9.4 GHz was focussed to a spot size

(FWHM) of approximately 6 cm by 12 cm onto a target inside the pressure

vessel. The antenna was a rectangular horn-fed dielectric lens with a

18 cm by 31 cm aperture and an aperture to focal plane distance of 60 cm.

The microwave source was a surplus Navy radar system utlizing a 4J50

magnetron with maximum peak power of 200 KWatt, modified for longer pulse

widths and variable repetition rate. Available pulse widths varied from

.5 to 7 microseconds, and repetition rate from single shot to 1000 pps.

Most experiments were performed with the 7 microsecond pulse width and

10 pps typical. The 80 cm diameter by 120 cm long stainless steel pressure

vessel was evacuated by rotary pump and diffusion pump to a base pressure

of 106 torr and could be backfilled to any desired pressure with air,

nitrogen, argon, helium, hydrogen or any mixture thereof. The conducting

target was suspended in the focal plane region by a dielectric rod. A

sliding vacuum feedthru enabled adjustment of the target position both

parallel and perpendicular to the microwave beam propagation direction. The

target material was aluminum or copper, and a variety of sizes were tested ,

in order to modify the reflected wave pattern. Some target designs included .

integral diagnostics, such as a microwave receiver or piezoelectric pressure

transducer.

A number of diagnostics were installed on the system at various times

during the program. Visual and conventional photographic observation of

the breakdown region was always possible through several windows on the

chamber. Light from the breakdown region was focussed by f/5 optics onto

the input slit of a .3 meter monochromator and detected with a photomultiplier

tube. The photomultiplier signal was recorded either by an oscilloscope or

a "boxcar" sampling instrument (PAR Model 162). A rotatable mirror in the

optics system allowed spatial scanning of the breakdown region. A special

target was used for the microwave absorption measurements. A sample of the

microwave power incident on the target was coupled through a small hole in

the center of the target to a crystal detector. A second crystal detector

mounted on a microwave horn situated near the dielectric window (see Figure 1)

29



provided a measurement of power reflected from the target and breakdown

region. For shock wave measurements, the target was constructed with a

fast piezoelectric transducer mounted flush with the target surface. A

number of attempts were made to measure local properties of the breakdown

region (e.g., conductivity) and the local value of the microwave field

strength near the breakdown region, using small probes. Though the data

obtained in these measurements was not obviously spurious, it was clear

from visual observations that the probes severely perturbed the breakdown

region, and this line of investigation was discontinued.

During 1981, a second apparatus was constructed in order to test the

use of shadowgraph and Schlieren photography as a diagnostic for breakdown

at atmospheric pressure. Microwave fields sufficient to achieve breakdown

at atmospheric pressure with the available 200 kWatt 9.4 GHz source were

obtained in the modified open ended waveguide configuration shown in

Figure C-2. The setup for shadowgraph production is shown schematically in

Figure C-3. The Q-switched ruby laser produced 50 ns pulses at any desired

time with respect to the microwave pulse.
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MICROWAVE BREAKDOWN

x/
Y A" Cu MESH

OPEN ENDED WAVEGUIDE

Figure C-2. Setup for microwave breakdown at atmospheric pressure
in a waveguide like geometry.
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3. RESULTS

3.1 GROWTH AND SATURATION OF BREAKDOWN

The first series of experiments was designed to test the basic predictions

of the analytic model described in Appendix A. Typical results obtained by

numerical integration of the model equations are illustrated in Figure C-4,

for an incident microwave intensity of 5 kW/cm 2 and an ambient air pressure

of .1 atmosphere. The electron density rises from the initial value of

106cm"3 to a saturated value of lO13cm"3 in about one microsecond.

Saturation occurs as a result of absorption of the microwave radation, which

reaches a value close to one as the density saturates.

Excellent qualitative, and reasonable quantitative, agreement was found

between the experimental results and the analytic model predictions. As

expected, when the incident microwave intensity was between 25 and about

35 percent of the threshold for breakdown without a surface present, break-

down occurred only at the first peak of the standing wave pattern, 1/4

wavelength from the plate. The breakdown region was "pancake" shaped, with

a thickness of approximately 3 mm, At higher ratios of incident to threshold

power, breakdown occured at additional standing-wave peaks, greatly increasing

the complexity of measurement and analysis. Discussion in this section is

confined to the case of a single breakdown region. Some experimental results

on multiple breakdown regions are described in Section 3.2.

As direct measurements of electron density and temperature were not

avaiable, we compared instead the characteristic temporal behavior of the

observed emitted light intensity with that predicted by the theoretical

model. It should be noted that the intensity predicted by the theoretical

model is actually due to ground state ultraviolet transitions, while the

observations were made in the visible portion of the spectrum. However, the

temporal behavior of all lines is expected to be nearly identical as long as

the electron temperature variation is small compared to the upper state

energy of the transition, an assumption which appears to be justified.
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Figure C-5 shows the observed nitrogen second positive band head

intensity during the first 2 psec of the pulse, at a pressure of 29 mm

Hg in air. Figure C-6 shows the analytic prediction for nitrogen line

radiation under similar conditions, and exhibits the same characteristic

exponential growth and rapid saturation as shown in the experimental data.

The analytic predictions of very high absorption in the breakdown

region are also supported by experiment. Figure C-7(b) shows the microwave

power reflected from the target region with (solid line) and without (dotted

line) air breakdown, and indicates absorption of 75 to 90 percent of the

incident microwave power by the breakdown region after the first microsecond

of the pulse. A corroborative measurement of the absorption is illustrated

in Figure C-7(c), which is a measurement of the fraction, T, of the incident

power transmitted through the breakdown region. If the fraction of the

incident power reflected by the breakdown region is small (as Figure C-7(b)

would suggest), then the absorption fraction is (1 - T2 ). Thus, the data

of Figure C-7(c) would indicate an absorption of 60 to 80 percent, in fairly

good agreement with the reflected power measurement. It also should be noted,

with reference to Figure C-7(a), that saturation of electron density, as

indicated by saturation of light emission, in the breakdown region occurs

when absorption becomes large, as predicted by the analytic model.

3.2 MULTIPLE BREAKDOWN REGIONS AND OTHER PHENOMENA

As the incident power was raised at fixed pressure, or the pressure

reduced at fixed power, breakdown occured at additional standing wave peaks.

As many as ten visually distinct breakdown regions were observed before

breakdown became diffuse. The temporal dependence of light emission from a

a single breakdown region, which is a good indicator of the microwave

absorption in that region, was found to be a strong function of the number

of individual breakdown regions occurring. Figures C-8 and C-9 illustrate

the nitrogen second band head light emission from the first breakdown region

at ambient air pressures from 31.6 mm Hg to 15.0 mm Hg, at fixed incident

microwave power. For timing reference, Figure C-10 shows the incident

microwave pulse along with the light emission at 27.0 mm Hg pressure. At

31.6 mm Hg, the highest pressure at which breakdown occurred reproducibly,

light emission saturates about 4 microseconds into the pulse and remains

constant until the incident power begins to drop. At lower pressures, light

35 p
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emissions saturates earlier, due to the higher electron density growth rate.

The peak light emission is nearly independent of pressure. However, as the

pressure is lowered, and additional breakdown regions appear, the light

emission late in the pulse drops significantly. At the lowest pressures

shown, 15 to 17 mm Hg, the emission late in the pulse is less than one

tenth the peak emission. Apparently, the incident microwave power is

absorbed predominantly in the first breakdown region early in the pulse,

but is absorbed more strongly in other regions later in time. This behavior

is illustrated in Figure C-ll, which shows light emission as a function of

distance from the target at various times during the microwave pulse. In

this case the fill gas was Helium at a pressure of approximately .5

atmosphere. Emission from the first region grows and saturates in the first

microsecond of the pulse, at which time the emission from the second region

is about 5% of that from the first region. The second breakdown region

continues to develop in time, resulting in a reduction of the microwave

field at the first region. At a time of 2 microseconds, the light emission

from the second breakdown region exceeds that from the first. The details

of the breakdown process for multiple breakdown regions are by no means

understood at this time, and considerably more experimental and theoretical

effort needs to be spent in this area.

All gases examined exhibited some degree of filamentation in the

breakdown region. Filamentation was particularly strong in the case of

Argon, where 100% fluctuations in emitted light and microwave absorption

were observed, as illustrated in Figure C-12.

3.3 SHOCK WAVE GENERATION

Shock wave generation due to heating in the breakdown region was observed

with a fast (1 us rise time) piezoelectric transducer mounted flush with the

target surface. At a fill pressure of .5 psi (29 mm Hg) of air, a peak

overpressure of .075 psi, or 15%, was observed. The pressure wave consisted

of a compression pulse with a duration of typically 8 psec (FWHM), followed

by a rarefraction pulse of somewhat smaller amplitude and larger duration

(typically 20 usec). When the microwave intensity was adjusted to obtain

breakdown at several (up to 6) standing wave peaks, pressure pulses were

detected from each breakdown region. Typical transducer output signals are

shown in Figures C-13 and C-14, for air breakdown at a pressure of 25.3 mm Hg

and Helium breakdown at a pressure of about .5 atmosphere respectively.
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Since the breakdown region was shaped roughly like a disk of 5 cm

diameter and .3 cm thick (measured optically), and the distance from the

first breakdown region to the target was .8 cm, the shock propagation should

be well described by a one dimensional approximation. The measured over-

pressure of 15% then corresponds to a 30% increase in the neutral gas energy

density in the breakdown region, Therefore, at the ambient air pressure of

29 mm Hg, using the measured breakdown region width of .3 cm, the total

energy deposited in the form of neutral gas energy was approximately

2.5 x 10.3 joule/cm2, which is about 25% of the incident microwave energy.

Of particular interest is the scaling with pressure of neutral gas

heating and shock formation. We have developed some elementary models of

scaling, and estimate that the fraction of incident microwave energy

deposited in the neutral gas should be independent of gas pressure. Since

the breakdown threshold increases as the square of the pressure, the neutral

gas energy increase per molecule would then increase linearly with pressure.

Scaling from our experimental results at 29 mm Hg air pressure, this simple

model would predict a peak shock pressure of about about 5 atmospheres,

corresponding to a Mach 2 shock, at an ambient pressure of one atmosphere.

Unfortunately, with the experimental apparatus available, we were not able

to operate over a sufficient pressure range to test the scaling estimates.

Further experimental work with upgraded apparatus is highly recommended.

The use of a slightly faster microwave lens and a commercially available

higher power ( 1.5 MWatt) microwave source at the same frequency would

enable measurements at pressures up to at least .2 atmospheres in the same

experimental configuration.

A diagnostic of shock formation and propagation would be a valuable

addition to future experiments. Shadowgraph and/or Schlieren photography

was identified as a potentially valuable diagnostic tool, and a separate

experimental apparatus, already described in Section 2, was designed and

constructed for preliminary tests. The microwave discharge proved to be

sufficiently reproducible to allow study of the time development of the

breakdown on a shot-to-shot basis. Shadowgraphs of the breakdown region at

t = 0, .3, .6, 1.0 and 1.4 microseconds are shown in Figures C-15 and C-16.

In this particular experiment, a wire (visible in the photographs) was inserted

in the breakdown region to provide a high field region for initiation of the

discharge. This technique will require further development, especially in the

areas of recording and analysis, but appears to be a potentially powerful

tool in the study of breakdown physics.
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Figure C-4. Time history of electron density and temperature and
microwave absorption fraction as predicted by the
theoretical model described in Appendix A.
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Figure C-5. Experimentally observed time history of Nitrogen 3577A
line intensity in air breakdown at a pressure of 29 mmHg.
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Figure C-6. Theoretically predicted total line emission in air
breakdown at .1 atmosphere.
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Figure C-7. Experimentally observed time history of (a) Nitrogen line
emission from breakdown region; (b) microwave power reflected from target
and; (c) microwave power incident on target. The dotted lines in (b) and
(c) are received microwave power without breakdown, obtained by raising
the gas pressure until no breakdown occurred.
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Figure C-9. Time history of 3577A line emissicn fcr air breakdown at
pressures from 15.0 to 23.2mmHg, fixed power.
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Figure C-10. Incident microwave power (top trace) and 3577A line
emission (bottom trace) for air breakdown at 27.0 mmHg pressure.
Horizontal scale is 1 us/div.
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M8GOIN EAKDOWN -SHOWS

TUOULENT TEWMOLAL AND SPATIAL BEHAVIOR
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Figure C-12. Time history of power reflected from target/breakdown region
(top graph) and power incident on target (bottom graph). for breakdown in
Argon at fill pressure of 125 mmHg.
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Figure C-13. Piezoelectric transducer signal at target surface for air
breakdown at 25.3 mmHg. Horizontal scale is 20 is/div., vertical scale
1 mV/div., corresponding to .05 psi/div. Characteristic rise time of
the transducer was 1 vs.
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Figure C-14. Piezoelectric transducer signal at target surface for
Helium breakdown at 480 mmnHg (top photograph) and 330 mmHg (bottom
photograph). In the case of the top photograph, there were two visible
breakdown regions, and in the case of the bottom photograph, six.
Veritical scale is 5 mV, or .25 psi, per division in both cases.
Horizontal scale is 10 vs/div. in top photograph and 20 pjs/div. in
bottom.
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Figure C-15. Shadowgraphs of breakdown in waveguide like geometry at
atmospheric pressure. Top photograph is without breakdown ( t = 0 ),
and shows copper mesh assembly and startup wire. In bottom photograph,
.3 ps into microwave pulse, disturbance of air is visible at tip of
startup wire.
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Figure C-16. Shadowgraphs at .6, 1.0 and 1.4 microseconds into microwave
pulse, showing time devel1opment of breakdown.
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